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Abstract 
Superhydrophobicity is directly related to the wettability of the surfaces. Cassie-Baxter state  relating 
to geometrical configuration of solid surfaces is vital to achieving the Superhydrophobicity and to 
achieve  Cassie-Baxter state the following two criteria need to be met: 1) Contact line forces 
overcome body forces of unsupported droplet weight and 2) The microstructures are tall enough to 
prevent the liquid that bridges microstructures from touching the base of the microstructures [1]. In 
this paper we discuss different measurements used to characterise/determine the superhydrophobic 
surfaces. 
Keywords: Wettability, contact angle, contact angle hysteresis, contact time, surface roughness, drag 
reduction measurements, morphology, surface friction, Reynolds number 
Introduction 
Bio inspired super hydrophobic surfaces (SHS), due to their potential savings in billions worldwide and 
their applications in wide range of areas, e.g., maritime, tissue engineering, bio fouling and electronics, 
have gained traction and momentum recently.    It is anticipated that SH coatings has potential energy 
savings up to 105 trillion Btu/year; potential cost savings of $1.74 billion/year; and potential reduction in 
carbon dioxide (CO2) emissions of 6.16 million tons/year for U.S economy [2]. Research in nanoscale 
materials has made it possible to realise many novel material properties [3,4], including 
superhydrophobicity However, production of cost effective and long lasting SHS still remains a 
challenge. 
 
 
 
 
 
Figure 1. A droplet resting on a solid surface and surrounded by a gas forms a characteristic 
contact angle θ. If the solid surface is rough, and the liquid is in intimate contact with the solid 
asperities, the droplet is in the Wenzel state. If the liquid rests on the tops of the asperities, it is 
in the Cassie-Baxter state. 
 
SHS are extremely hard to wet, with static water contact angles > 150° contact angle hysteresis (< 
10°), referred to as the Lotus Effect achieved through Cassie-Baxter state (Figure 1). SHS is achieved 
through low surface energy polymeric materials, synergism of micro and nanofillers, plurality of 
 micro and nanoscale (hierarchical) surfaces structures, combined patches of hydrophobic and 
hydrophilic domains on the surface, and plastron effects to achieve Cassie-Baxter state, where the 
liquid rests on the tops of the asperities, minimising the contact area and increasing the contact angle. 
The hierarchical structures are required to counter the hierarchical frictional forces acting at different 
size and magnitude scales with surfaces. Diminished contact area resulting from hierarchical 
structures leads to low friction or adhesion forces resulting in SHS. SHS development is inspired by 
the lotus leaf, butterfly and Cicada wing effects [5]. The micro and larger structures also offer 
conditions for superhydrophobicity in the form of intersecting ridges (Figure 2) which minimises the 
contact time of the liquid droplets by breaking them into smaller pieces.  
 
 
Figure 2. Butterfly wings have ridges that are intersecting them breaking the droplets into four. 
When the droplet breaks into more pieces the contact time goes down [5].  
Typical features of Superhydrophobic materials [6] include 
- when submerged in water, they are covered with a layer of air; 
- after re-emerging from the water, the surface appears to be dry; 
- water drops on the surface roll off at slight tilting angles because of the weak adhesion; and 
- sessile water drops have high contact angles. 
 
Production of reproducible SHS with precise morphology relies on characterisation of the SHS with 
respect to the contact angles, contact times, morphologies among other measurements. In this paper 
we aim to discuss major measurements related to the SHS.  
 
Contact angle: 
Contact angles (CA) measurements often in combination with the tilting angle, provides quantitative 
information on hydrophilic to superhydrophobic surfaces [6]. Table 1 details surface classification 
based on contact angle. Contact angle measures static hydrophobicity. Dynamic contact angles can be 
measured at various rates of speed and at a low speed, it is close or equal to static contact angle. The 
difference between the advancing angle, θa and the receding angle, θr is called the hysteresis (H) 
(Figure 3): 
 
H= θa – θr.         (1) 
 
 
 Figure 3. Illustration of advancing and receding contact angles 
http://www.ramehart.com/glossary.htm 
Microstructured surface 
Contact angle hysteresis (CAH) arises from surface roughness and/or heterogeneity. The CAH and 
slide angle are dynamic measures. The actual microscopic variations of slope on the surface create 
barriers that pin the motion of the contact line and alter the macroscopic contact angles [7, 8]. Surfaces 
that are not homogeneous will have domains which impede motion of the contact line. In the highly 
hydrophobic region, the sliding angles of water droplets decrease with increasing contact angles. 
Micro surface structures that can trap air are important for the preparation of low-sliding-angle 
surfaces. However, a surface with a high contact angle does not always show a low sliding angle, 
which is defined as the critical angle where a water droplet with a certain weight begins to slide down 
the inclined plate. For example, a fluoropolymer with a water contact angle of 117° shows a higher 
sliding angle than a poly-(dimethylsiloxane) with a water contact angle of 102°.This is due to a 
negative excess entropy caused by the rigidity of fluoropolymer segments and the enhancement of an 
icelike molecular arrangement of water [9, 10].  
 
In the case of large distances between the pillars (microstructures), the liquid–air interface can easily 
be destabilized due to dynamic effects such as surface waves. A water droplet in state of the 
composite interface shows significantly less hysteresis and tilt angles compared to a water droplet in 
state of the homogeneous interface due to low resistance from the air pockets. The pinning of the 
droplet at the edges of the pillars takes place during the motion of the droplet and thus pinning results 
in an increase of hysteresis and tilt angles. These results suggest that the air pocket formation and the 
absence of pinning in the patterned surface play an important role for a superhydrophobic surface. 
For adhesive force and coefficient of friction, there is a decrease when the pitch (distance between the 
pillars) increases because the tip traveling between the pillars results in the decreased contact area 
[11]. 
 
Young, 1805 [12] used the contact angle to describe the forces acting on a fluid droplet resting on a 
solid surface surrounded by a gas based on surface energies between solid/liquid, solid/gas and 
gas/liquid through contact angle as given by (Figure 4): 
 
γSG =γSL +γLG COSθ.        (2)   
      
Where 
 γSG = Interfacial tension between the solid and gas 
 γSL = Interfacial tension between the solid and liquid 
γLG = Interfacial tension between the liquid and gas 
 
  
Figure 4. θ, is the angle formed by a liquid at the three phase boundary where the liquid, gas, 
and solid intersect contact angle and interphase-energy between 3 phases (gas, liquid, solid) 
Hydrophobic surfaces are modified to superhydrophobic surfaces by a certain type of morphology. 
The thermodynamic equilibrium contact angles on rough and heterogeneous surfaces are called 
Wenzel [13] and Cassie-Baxter angles respectively. They are not equivalent to Young’s contact 
angle. Wenzel, 1936 [13] found that the CA of a liquid with a rough surface is different from that with 
a smooth surface. According to Wenzel, when the liquid is in intimate contact with a microstructured 
surface, θ changes to θw
*. 
 
COS θw* = r COS θ.         (3) 
 
Where, r is the ratio of the actual area to the projected area (Figure 1). 
 
Wenzel's equation shows that microstructuring a surface amplifies the natural tendency of the surface 
[13]. In Wenzel’s state, a hydrophobic surface (one that has an original contact angle greater than 90°) 
becomes more hydrophobic and a hydrophilic surface becomes more hydrophilic when 
microstructured [14]. Cassie and Baxter showed that air pockets may be trapped in the cavities of a 
rough surface, resulting in a composite solid–liquid–air interface, as opposed to the homogeneous 
solid–liquid interface. According to Cassie and Baxter the liquid suspended on the tops of 
microstructures, θ will change to θCB
*: 
 
COS θCB* = Φ (COS θ+1)-1.        (4) 
 
Where, φ is the area fraction of the solid that touches the liquid.  
 
Liquid in the Cassie-Baxter state is more mobile than in the Wenzel state (Figure 6). For the 
Cassie-Baxter state to exist, the following inequality must be true [15]: 
 
COS θ < (φ-1)/(r - φ).         (5) 
  
 
 
 
 Fig 7 Effect of unitary (non-hierarchical) structures of micro and nano roughness, and 
hierarchical structures (micro roughness covered with nano roughness) 
The most widely used technique for contact angle measurement is a direct measurement of the tangent 
angle at the three phase contact point on a sessile drop profile. It can be conveniently measured using  
contact angle goniometer, optical tensiometer, force tensiometers and confocal microscope [8]. A 
commercial sliding angle measurement system (SA-11,Kyowa), has been used to measure the sliding 
angle [9]. 
 
Liquids in the Cassie-Baxter state generally exhibit lower slide angles and contact angle hysteresis 
than those in the Wenzel state (Fig 1). For the Cassie-Baxter state to exist the following two criteria 
need to be met: 1) Contact line forces overcome body forces of unsupported droplet weight and 2) The 
microstructures are tall enough to prevent the liquid that bridges microstructures from touching the 
base of the microstructures [16].  
Diminished contact area resulting from hierarchical structures leads to low friction or adhesion forces 
resulting in SHS. The micro and larger structures also offer conditions for superhydrophobicity in the 
form of intersecting ridges (Figure 2) which minimises the contact time of the liquid droplets by 
breaking them into smaller pieces. high-speed images will allow for contact time measurements [17]. 
 
Table 1 Surface classification based on their contact angle. 
(http://nanoyou.eu/attachments/502_EXPERIMENT%20D1_Teacher%20document%2011-13.pdf). 
Contact angle Type of surface example 
~0 Super hydrophilic UV irradiated Ti02 
<30 Hydrophilic Glass 
30-90 intermediate Aluminium 
90-140 Hydrophobic plastic 
>140 superhydrophobic Lotus leaf 
 
Drag reduction (DR): 
There is a correlation between wetting properties of a liquid and the surface friction [18, 19]. 
Superhydrophobic coatings can yield "skin-friction drag reduction for ships' hulls, thus increasing the 
fuel efficiency, having vital applications in the maritime industry with a potential to save billions of 
dollars.  
 
Drag is the sum of the forces acting parallel to the direction of the flow. Many forms of  
drag on a body exist such as pressure, induced, skin friction, wave, and interference drag. The  
most prevalent form of drag over a body in a laminar flow is pressure or form drag. Pressure  
drag results from the shape of a body moving through a flow. Different shapes result in varying  
drag forces on an object. The surface drag across embedded geometries will differ and may be  
lower than the surface drag across a flat plate.  
 
Skin friction drag results from the viscosity of a fluid flowing across the surface of an object, and the 
only form of drag present in planar Couette flow over a flat plate. A shear stress is created within the 
boundary layer formed by the fluid. Greater shearing stresses result from fluids with higher 
 viscosities; therefore, higher viscosity fluids create more drag on objects than fluids with low 
viscosity. This leads to the equation for viscous forces below. 
 
dFν = γdA.        (6) 
 
F = drag forces 
A =surface area 
ν = velocity 
 
The effect of drag reduction is to reduce the friction to a value considerably lower than the 
turbulent flow of the liquid, but not approaching that corresponding to laminar conditions. In the 
laminar regime the friction drag decrease as Re-1 until the critical Re number (defined as 2000) is 
reached. Transition to turbulence causes a sudden increase of the friction drag which for fully 
developed turbulence reaches an almost constant value with only a weak logarithmic dependence on 
Re described by the Prandtl-Karman (P-K) law (a straight line in P-K coordinates) corresponding to 
the turbulent behavior of Newtonian fluids. The dependence of the friction drag on the Re number is 
conventionally shown in the Prandtl-Karman coordinates: 1/√(fD /4) versus log (Re/√(fD/4).  
 
Drag reduction is given by Truong, 2001 [20] as: 
 
%DR= (∆Ps- ∆Pp} X 100/ ∆Ps.     (7) 
 
 
∆Ps is the pressure in a given length of tube for a pure solvent;  
∆Pp is the pressure drop for drag reducing solution with the same flow rate of liquid for both.  
 
 
The DR is related to the Darcy’s frictional factor through pressure drop, which in turn is related to Re 
as 
D .        (8)   
    
 
fD = 64/Re, for the laminar regime, and 
 
1/(fD)1/2= 2log10 Re (fD}l/2- 0.8 for the turbulent flow.  
 
The Reynolds number is a ratio of the inertial forces versus the viscous forces of the flow. As the 
Reynolds number increases for a flow, the inertial forces become greater than the viscous forces. 
When turbulent eddies formed in the flow become amplified and the flow is unable to return to a 
steady state transition occurs.  
 
Friction factor is the ratio between the input of energy provided by an external pressure difference and 
the kinetic energy of the resulting mean flow in the pipe. It is a measure of the force that is required to 
sustain a certain mean flow, http://math.unice.fr/~musacchi/tesi/node45.html.  
 
While the laminar friction factor,  is independent of the relative roughness, in the turbulent region, the 
friction factor for smooth tubes continuously decreases with increasing Reynolds numbers. For rough 
tubes friction factor follows the trend for smooth tube plot up to a certain point, and then approaches 
an asymptotic value independent of the Reynolds number. The asymptotic value of the friction factor 
 increases with relative roughness. At higher roughness values, decreasing the available pipe area 
decreases for fluid flow [21].  
 
Maintenance of the Cassie state requires that the Laplace pressure generated by the intruding interface 
balance the applied pressure. For roughness characterized by a single length scale δ, the requirement 
for water-repellency is simply expressed as σ/δ > ∆p where σ is the surface tension and ∆p is the 
pressure difference [22]. 
 
Darcy correlated pressure drop directly to the surface roughness values, e/D. Moody later 
characterized the Darcy friction factor as a function of the Reynolds number and relative roughness 
e/D (e, average roughness and D, diameter). The Moody diagram provided engineers with a 
convenient method of determining the pressure drop as a function of the relative roughness of the pipe 
surface. The average roughness value can be obtained from surface profile measurements of the pipe. 
Roughness features on the walls of a channel wall affect the pressure drop of a fluid flowing through  
that channel. 
 
Drag forces across the surface of a plate can be measured using a technique based on a simple Couette 
flow,  a good model for both a laminar boundary layer flow close to the surface of an object, as well as 
for a time-averaged turbulent flow within the viscous sub-layer and the area-averaged surface stress  
imposed by the flow[ 23] .  
 
Biofouling/ Surface roughness 
 
Fouling can be categorized into biofilms and macrofoulers. Biofilms (microfouler) are bacteria, while 
algae, slime; hard species, such as barnacles and mussels are considered macrofoulers. Either type of 
deposit growth will cause process efficiency or product quality to be reduced. Flow rate, temperature 
and chemical composition of the liquid all influence the formation of a deposit. Biofouling on ships 
increases the surface roughness of the hull which, in turn, causes increased frictional resistance 
resulting in increased frictional drag and fuel consumption and decreased top speed and range. The 
costs related to hull cleaning and painting are much lower than the fuel costs. The overall cost 
associated with hull fouling for the Navy’s present coating, cleaning, and fouling level is estimated to 
be $56M per year for the entire DDG-51 class or $1B over 15 years [24]. 
 
Biofouling in hydraulic conduits results in increased headloss and an associated reduction of flow 
carrying capacity and losses  in available energy of hydro-electric  power systems of up to 10%. 
The effective roughness of the biofouled surfaces is larger than the physical roughness; the additional 
energy dissipation caused in part by the vibration of the biofilms in three-dimensions under flow 
conditions. There exists a roughly linear relationship between the maximum peak-to-valley height of 
a biofilm and the total drag coefficient.  
 
Surface roughness measurements: 
 
Microscopy methods are commonly used  in biofilm examination[25]. Common microscopy methods 
for morphological observation of biofilms include epifluorescence microscopy (EFM), confocal laser 
scanning microscopy (CLSM) and electron microscopy [26]. EFM coupled with staining methods can 
provide information on microbial activity, total cell counts and the 2-dimensional distribution of 
bacteria in the biofilm [26]. CLSM provides information about the 3-dimensional structure of 
biofilms and has the ability to identify different components of the biofilms either by autofluorescence 
(for algae) or by using specific fluorescent dyes (for bacterial DNA or EPS  
 glycoconjugates) [27]. Electron microscopy methods such as scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) have been employed for elucidating biofilm structure 
[28]. SEM is capable of imaging complex structures of the biofilm while TEM can visualise the  
cross-sectional detail of individual microorganisms and their relationship to each other [29]. 
Environmental scanning electron microscopy (ESEM) can be used for the observation of hydrated 
samples (i.e., in their natural state) and it does not require such sample preparation. ESEM has been 
used to observe polysaccharide (alginate) fouling on a microporous membrane by Le-Clech et al. [30]. 
The SEM also can be used to monitor the morphology of patterened hydrophobic surfaces. 
 
 The Hull Roughness Gauge can measure the AHR value (Average Hull Roughness) of sea going 
vessels. AHR is the ‘mean’ of all the vessel’s hull roughness readings and is the measure against 
which ship’s performance is correlated http://www.tqc.eu/en/products/article/hull-roughness-gauge). 
Measurements were taken by Kulkulka et al., [31] using PocketSurf I, a portable surface roughness 
gage with a traverse speed of 0.2” (5.08mm) per second and a probe radius of 0.0004” (10μm). 
Surface roughness  due to biofouling photogrammetric  techni-ques to the measurement  of surface 
roughness [32]. An optical profiler (NT-3300,Wyko Corp., Tuscon, AZ) was used for measuring the 
surface roughness of different patterned surface structures by Bhushan and Jung[12]. A scan size of 
100 µm x 90 µm was used to scan the patterned surface. 
 
For adhesion and friction measurements, a commercial Atomic Force Microscopy (D3100,Nanoscope 
IIIa controller, Digital Instruments, SantaBarbara, CA) can be used [9]. Adhesion and friction were 
measured using a 15mm radius borosilicate ball. A largetip radius was used to measure contributions 
from patterned surfaces. Friction force was measured under aconstant load using a 90 scan angle at a 
velocity of 100mm=s in 50mm. Adhesive force was measured using thesingle point measurement of a 
force calibration plot [9]. 
Conclusions 
Cassie-Baxter state is achieved when conditions for  chemical heterogeneity, low surface energy and 
the hierarchical structures comprising the micro and nano structures  are satisfied,which result in 
superhydrophobicity. In the Cassie-Baxter state the liquid rests on the tops of the asperities, 
minimising the contact area and increasing the contact angle. Superhydrophobic surface can be 
characterised using different measurements which are inter-related. The measurements aspects of 
contact angle, drag reduction surface roughness are discussed. 
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